As bstract. Pressure overload left ventricular (LV) hypertrophy was produced by banding the ascending aorta ofpuppies and allowing them to grow to adulthood. LV free wall weight per body weight increased by 87% from a normal value of 3.23±0.19 g/kg. Hemodynamic studies of conscious dogs with LV hypertrophy and of normal, conscious dogs without LV hypertrophy showed similar base-line values for mean arterial pressure, heart rate, and LV end-diastolic pressure and diameter. LV systolic pressure was significantly greater, P < 0.01, and LV stroke shortening was significantly less, P < 0.01, in the LV hypertrophy group. In both normal and LV hypertrophy groups, increasing bolus doses of norepinephrine or isoproterenol produced equivalent changes in LV dP/dt. disassociation constant (KD) increased, selectively in the LV of the hypertrophy group; the KD in the normal LV was 6.8±0.7 nM compared with 10.7±1.8 nM in the hypertrophied LV. These effects were observed only in the LV of the LV hypertrophy group and not in the right ventricles from the same dogs. The plasma membrane marker, 5' -nucleotidase activity, was slightly lower per milligram protein in the LV hypertrophy group, indicating that the differences in 3-adrenergic receptor binding and affinity were not due to an increase in plasma membrane protein in the LV hypertrophy group. The EC50 for isoproterenol-stimulated adenylate cyclase activity was similar in both the right and left ventricles and in the two groups. However, maximal-stimulated adenylate cyclase was lower in the hypertrophied left ventricle. Plasma catecholamines were similar in the normal and hypertrophied groups, but myocardial norepinephrine was depressed in the dogs with LV hypertrophy (163±48 pg/mg) compared with normal dogs (835±166 pg/mg).
Introduction
Hypertrophy is a major mechanism by which the left ventricle compensates to a chronic pressure overload. The sympathetic nervous system is another major compensatory mechanism, and is recruited in response to stress. It is conceivable that fBadrenergic mechanisms of the heart are responsible in part for the preservation of mechanical function in the presence of hypertrophy, and alterations in autonomic control may be involved in the process of decompensation associated with the development of cardiac failure.
The goal of the present investigation was to characterize (3-adrenergic regulation of the severely hypertrophied left ventricle, which is induced by chronic, severe pressure overload. These studies were designed to examine inotropic responsiveness to catecholamines in the intact, conscious animal with left ventricular (LV)' hypertrophy, and then to investigate the extent to which the biochemical determinations could explain the physiological responses. The biochemical analyses initially were directed towards investigation of fl-adrenergic receptor number and affinity, and progressed to the study of coupling of /3-adrenergic receptors to adenylate cyclase. Finally, catecholamines were measured in the hypertrophied left ventricle and in the plasma of these dogs, and compared with values obtained in the normal animals.
Methods
Preparation ofmodel. Mongrel puppies of either sex at 7-10 wk of age were anesthetized with halothane (1 vol per 100 ml), ventilated with a respirator, and a right thoracotomy was performed through the fifth intercostal space. The ascending aorta above the coronary arteries was isolated and dissected free ofsurrounding tissue. In the puppies designated as sham controls, the chests were closed at this time. In the group designated for LV hypertrophy, a Teflon cuff (6-8 mm in diameter) was placed around the aorta and the chest was closed. Both groups of puppies were then allowed to recover and grow for 10-16 mo to adulthood before experimentation. The cuff produced a fixed lesion. 60% of the puppies survived the initial 10-16-mo period after aortic banding.
Instrumentation of animals. At operation, six adult dogs with LV hypertrophy, three sham operated dogs, and three normal, mongrel dogs were sedated with propriopromazine HCl (Tranvet; Diamond Laboratories, Inc., Des Moines, 10) and anesthetized with sodium pentobarbital (30 mg/kg, i.v.). Using sterile technique and through an incision in the left fifth intercostal space, Tygon (Norton Co., Plastics and Synthetic Div. Akron, OH) catheters were implanted in the descending thoracic aorta and left atrium, piezoelectric transducers were implanted on opposing anterior and posterior endocardial surfaces of the left ventricle, and a solid state pressure gauge (P 22, Konigsberg Instruments, Inc., Pasadena, CA) was inserted into the left ventricle via an apical stab wound. The incision then was closed in layers, the pneumothorax reduced, and the animals were allowed to recover. surements. An improved ultrasonic transit-time dimension gauge (1, 2) was used to measure LV diameter. The instrument generates a voltage linearly proportional to the transit time of acoustic impulses traveling at the sonic velocity of 1.5 X 106 mm/s between the 3 MHz piezoelectric crystals, thus giving a record ofinstantaneous LV diameter. The frequency response of the dimension gauge is flat to 60 Hz. At a constant room temperature, the thermal drift of the instrument is minimal, i.e., <0.01 mm in 6 h. Any drift in the measurement system was eliminated during the experiment by periodic calibrations. This involved substituting pulses of known duration from a crystal-controlled pulse generator with a stability of 0.001%. The position of all transducers was confirmed at autopsy.
The cardiac responses of conscious animals to exogenously administered norepinephrine and isoproterenol were examined in six dogs with LV hypertrophy and in six normal dogs, of which three were sham operated controls. Norepinephrine was administered in bolus doses of 0.05, 0.1, 0.5, 1.0, and 1.5 ag/kg, while isoproterenol was administered in bolus doses of 0.01, 0.05, 0.10, and 0.50 ,ug/kg. Bolus injections were administered in one 12-h period. Care was taken to allow full recovery of LV function before the next dose was administered. Reproducibility was assured by administering the same doses on a different day at least 3-7 d later.
The data were recorded on a multichannel tape recorder (Hewlett Packard Co., Palo Alto, CA) and played back on a direct writing oscillograph (Gould-Brush Whatman GF/C glass fiber filters (Whatman Laboratory Products, Inc., Clifton, N. J.). The filters were quickly washed (<10 s) three times with 4 ml Tris-MgC12-EDTA buffer, at 40C. The filters were counted for 10 min in 10 ml of Hydrofluor (New England Nuclear) in a Packard Tricarb 300 scintillation counter (Hewlett Packard Co.) with a counting efficiency of 50%. Isoproterenol competition curves were performed in triplicate with 100 Ml of the membrane preparation (2-3 mg protein per milliliter), 25 Ml of [3H]DHA 10 nM, and 25 Ml of isoproterenol (10-1-10-3 M).
The incubation, filtering, and counting were performed as above for the Scatchard analysis.
For the adenylate cyclase assay, 50 Mil of solution containing 1 mM ATP (2-3 X 106 cpm of [32P]ATP), 20 mM creatine phosphate, 1 U creatine phosphokinase, 1 mM cyclic AMP (2,000-3,000 cpm of 3H-cyclic AMP), 25 mM Tris, 5 mM MgCI2, 1 mM EDTA, and the test substance, i.e., 10 mM isoproterenol, 1.0 mM GTP, and cardiac membranes containing 200-300 Mg of protein, were incubated for 10 min in a shaking water bath at 37°C (3). 100 Ml of a stopping solution (20 mM ATP, 10 mM cyclic AMP, and 2% sodium dodecyl sulfate) was added to each tube to terminate the reaction, and the tube was heated on a dry bath at 100°C for 3 min. 0.9 ml of water was added and the mixture (1.0 ml) was passed over a column of packed Dowex AG50 W-X4, 200-400 mesh, hydrogen form. The column was eluted with 2 ml of water, and then stacked on top of a 6-mm diameter column containing 1.2 g of alumina (Brockman Grade I) so that the eluate of one column ran onto the other. The Dowex column was eluted with 3 ml of water, and the eluent flowed onto the alumina column. The alumina column was then eluted with 3 mnl of 50 mM imidazole, pH 7.4, directly into counting vials containing Hydrofluor (New England Nuclear) (10 ml), and was counted in a Packard TriCarb 300 scintillation counter (Hewlett Packard Co.). Recovery of added cyclic AMP was 40-80%. Zero time controls approached background. Maximal adenylate cyclase activity was assessed by measuring cyclic AMP production in the presence of either 10 mM NaF, 0.1 mM GppNHp. 5' Nucleotidase (5'ribonucleotide phosphohydrolase) was assayed by the enzyme kinetic method of Arkesteijn (4) . The rate of NAD formation from coupled reactions involving AMP and 2-oxoglutarate is measured by the decrease in absorbance at 340 Mm, which is directly proportional to 5'-nucleotidase activity.
Plasma epinephrine, norepinephrine, and tissue norepinephrine levels were determined according to the method of DaPrada and Zurcher (5).
The protein concentrations for each membrane assay were determined by the Lowry method (6). Analysis of saturation binding assays was performed according to the method of Scatchard (7) . The data were then analyzed with the iterative curve-fitting program "Ligand" of Munson and Rodbard (8) .
Statistical analysis. Data were expressed as mean value±SEM. Data were stored in a digital computer (PDP-1 1/34) and statistical evaluation was performed by a one-way analysis of variance for linear contrasts and a multiple-way analysis of variance to determine significance between groups. Significance was determined using Scheffe's test (9) .
Results
In the LV hypertrophy group, LV free wall weight per body weight (6.03±0.36 g/kg) was almost twice that observed in the normal control group (3.23±0.19 g/kg). Right ventricular (RV) free wall weight per body weight was only slightly elevated ( Table   Table I Table II and illustrated in Fig. 3 . In both groups of dogs, increasing doses of norepinephrine (Table II) or isoproterenol (Table III) pg/ml).
Discussion
Base-line hemodynamics were remarkably similar in the normal dogs and dogs with LV hypertrophy. Only LV systolic pressure was significantly elevated, and LV stroke shortening was reduced in the dogs with hypertrophy. The dogs with LV hypertrophy appeared fully compensated in terms of normal daily activities and with respect to hemodynamics, particularly in the normal values for LV end-diastolic pressure and LV end-diastolic diameter and LV dP/dt. Specifically, the ventricles, while hypertrophied, were not dilated and did not exhibit any reduction in LV peak dP/dt. Moreover, when the ventricles were stressed with norepinephrine in increasing bolus doses, the responses of the normal and LV hypertrophy hearts, particularly with respect to LV dP/dt, were almost superimposable (Fig. 3) . In fact, the hypertrophied hearts were able to generate even greater pressure, in some instances up to 600 mmHg (Fig. 2) Despite the maintenance of normal physiologic responsiveness to catecholamines in the hypertrophied myocardiumn, direct characterization of j3-adrenergic receptor number and affinity revealed definite differences. An unexpected finding in this study was the decreased #-adrenergic receptor affinity that was consistently observed in the membranes from the hypertrophied observed in the normal animal (Fig. 1) Figure 3 . The peak LV dP/dt levels achieved by increasing doses of norepinephrine are compared in normal (n = 6) and LV hypertrophied dogs (n = 6) on LV dP/dt (mmHg/s). There were no differences in the responses of peak LV dP/dt to norepinephrine in the two groups.
The future development ofmethods that permit both purification (17, 18) and photoaffinity labeling ofthe hormone-binding subunit (17) (18) (19) (20) will permit this hypothesis to be examined at the molecular level.
The decrease in f3-adrenergic receptor affinity in the presence of chronic pressure overload LV hypertrophy may be offset by the increase in receptor number, which results in the normal inotropic response of the LV hypertrophied ventricle to catecholamines. These changes in receptor number and affinity were unique to the left ventricles from the dogs with LV hypertrophy, since they were not observed in the normal dogs and were not observed in the right ventricles from the dogs with LV hypertrophy. Our finding of a significant increase (P < 0.01) in receptor density in the hypertrophied left ventricle as compared with the normal left ventricle differs from the majority of prior work conducted in this field. Most prior studies were conducted in rodents with either renovascular hypertension (21-24) or in SHR rat models (25, 26) . In these studies, f3-adrenergic receptor number was either normal (24, 26) or depressed (21) (22) (23) (24) , with normal affinity. These differences could be due to different species or to the model. Favoring the latter is the finding of Limas (27) , with aortic banded rats, showing increased f3-adrenergic receptor number. In contrast, a study by Cervoni et al. (28) demonstrated no changes in f3-adrenergic receptor number or in affinity in rats with aortic banding. In addition, Kumano et al. found an increase in fl-adrenergic receptor density and no change in KD in the renal hypertensive rat, and found a decreased receptor density in the SHR rat with no change in affinity (29 these animals, the receptor number decreased without any change in affinity. Thus, the severity of hypertrophy is another factor to be considered. The increased number of receptors found in the membrane preparations in the dogs with LV hypertrophy could not be attributed to a difference in the membrane preparations. Another membrane marker, 5' nucleotidase, was found to be significantly depressed in the membrane preparation from the animals with LV hypertrophy. A second sarcolemmal marker, maximal-stimulatable adenylate cyclase was also lower in the hypertrophied LV, whether it was determined in the presence of NaF or GppNHp, at maximally effective concentrations. One can only speculate on the reasons for the decreased maximal adenylate cyclase activity in these preparations. In view of the observed decrease in two sarcolemmal markers, however, 5' nucleotidase and adenylate cyclase, it is possible that the membrane preparation from the hypertrophied LV was contaminated with nonplasma membrane proteins, as might occur iffibrosis or increased collagen deposition had occurred during the development of LV hypertrophy. These data imply that the observed increase in a-receptor density in the hypertrophied myocardium, the major goal and finding of the present investigation, may have been an underestimation.
I3-Adrenergic
Other problems due to the method of raising the puppies to adulthood or due to the operation at an early age were considered. To rule out that these possibilities accounted for the differences, sham-operated litter mates, indistinguishable in terms of f-adrenergic receptor number or affinity from the other normal, mongrel adult control animals, were studied. However, it is still conceivable that a pressure-overload stimulus applied at a young age results in a different response in terms of (3- adrenergic receptor response than when the stimulus is applied to the adult.
While plasma levels of both epinephrine and norepinephrine were similar in the two groups, it is also conceivable that the increased (3-adrenergic receptor number represents "upregulation" secondary to the depleted catecholamine stores of the hypertrophied left ventricle. This phenomenon of reduced tissue norepinephrine levels has been a consistent feature of cardiac failure (32) .
In the normal dogs and dogs with LV hypertrophy, although the maximally stimulatable adenylate cyclase differed, the doseresponse curves for adenylate cyclase stimulation by isoproterenol were similar. A small decrease in the EC50 for adenylate cyclase stimulation secondary to an increase in receptor number would have been difficult to detect, particularly in the setting ofthe decreased affinity in this preparation. It is postulated that the increased (3-adrenergic receptor number may be an important control mechanism compensating for the reduced adrenergic innervation (decreased tissue norepinephrine levels) and the decreased affinity of the pl-adrenergic receptor in the hypertrophied myocardium. It should also be apparent that the hemodynamic and cellular profiles observed with hypertrophy may differ depending upon (a) species, e.g., rat vs. large mammal and man; (b) inducing stimulus, pressure vs. volume overload, mechanical pressure overload vs. systemic hypertension; (c) whether the stimulus is applied to the immature or adult animal; (d) severity of the stimulus; (e) the duration of the stimulus; (f) the chamber involved; and (g) the presence or absence of cardiac failure.
